Icosahedral virus-like particles formed by the self-assembly of polyomavirus capsid proteins (Py-VLPs) can serve as useful nanostructures for delivering nucleic acids, proteins, and pharmaceuticals into animal cells and tissues. Four predominant surface-exposed loops in the VP1 structure offer potential sites to display sequences that might contribute new targeting specificities. Introduction into each of these loops of sequences derived from the amino-terminal fragment of urokinase plasminogen activator (uPA) or a related phage display peptide reduced the solubility of VP1 molecules when expressed in insect cells, and insertions into the EF loop reduced VP1 solubility least. Coexpression in insect cells of the uPA-VP1 molecules and VP1 containing a FLAG epitope in the HI loop permitted the formation of heterotypic Py-VLPs containing uPA-VP1 and FLAG-VP1. These heterotypic VLPs bound to uPAR on the surfaces of animal cells. Heterotypic Py-VLPs containing ligands for multiple cell surface receptors should be useful for targeting specific cells and tissues.
The polyomavirus virion is composed of 72 pentameric subunits arranged in an icosahedral lattice with an approximate diameter of 50 nm (51) . Polyomavirus virus-like particles (PyVLPs) of essentially the same dimensions and shape are formed by the self-assembly of the major capsid protein VP1 (55, 56) . The structural framework for VP1 is an antiparallel ␤-sheet with jelly roll topology from which emanate four loops (58) (59) (60) . The BC, DE, and HI loops closely interact and are located at the outward-facing end of the ␤-sheet; the EF loop, originating from the inward-facing end, is located on a side of the ␤-sheet (59, 60) . A shallow groove formed between the BC1 and HI loops binds oligosaccharides terminating in ␣-2,3-linked sialic acid, expressed on many animal cells (8, 18, 58, 60) ; the EF loop, together with the DE loop, contains motifs for integrin binding, which is important for cell susceptibility at a postattachment level (6) . Among different strains of polyomavirus, the four VP1 surface-exposed loops exhibit sequence variability (3, 17, 36, 39, 53) and the HI loop has been used predominantly as a site for insertion so as to display on the surface of Py-VLPs the Escherichia coli dihydrofolate reductase (DHFR) (22) , protein Z (21), a WW domain peptide (57) , and a polyanionic adapter sequence (62) .
The urokinase plasminogen activator receptor (uPAR) is a glycosylphosphatidylinositol-linked protein expressed on the apical surfaces of endothelial cells (46) and certain epithelial cells (26) and leukocytes (48) to promote proteolysis (13) , cell adhesion (7, 66) , migration (5, 15) , and chemotaxis (9, 14, 27, 28, 42, 52) . uPAR is expressed by many cancer cells, where it is correlated with metastasis and poor prognosis (10, 29-32, 43, 63) , and is a potential target for drug and gene therapy. Also, uPAR is expressed on the apical surface of human airway epithelia and might be used to target delivery of DNAs to correct the genetic defect in individuals with cystic fibrosis (12) . Sequences binding with high affinity to uPAR occur in the amino-terminal domain of urokinase plasminogen activator (2, 47) , and uPA-unrelated sequences with high affinity to uPAR also have been identified (24) .
In this study, peptide sequences that bind to uPAR were introduced into each of the four exposed loops. VP1 proteins with insertions in the EF loop were most frequently expressed in insect cells in a soluble form; the same insertions in the other loops caused VP1 to be expressed in an insoluble form. The efficiency of self-assembly of Py-VLPs containing the uPA-VP1 molecules was enhanced by coexpression with soluble VP1 molecules modified in the HI loop by the FLAG epitope. The heterotypic Py-VLPs composed of both types of VP1 bound specifically to uPAR on the surface of U-937 cells. Heterotypic Py-VLPs containing ligands for different receptors should expand the utility of Py-VLPs as gene delivery agents (4, 16) .
MATERIALS AND METHODS
Modification of polyomavirus VP1 genes. The VP1 gene of the polyomavirus A3 strain cloned in pFastBac1 plasmid (GIBCO-BRL) was used as a backbone for the construction of modified VP1 genes. Insertions into the BC (80 or 87), DE (150), EF (200), and HI (293) loops of VP1 (numbers indicate the residues of the VP1 protein prior to the insertion) were made by the following method, as exemplified by the insertion of the FLAG epitope (DWKDDDDK) into the HI loop. Two DNA fragments of the VP1 coding sequence containing the FLAG coding sequence were synthesized by PCR using primer pairs FBac-F/HI-FLAG-R and FBac-R/HI-FLAG-F. The PCR products were purified by agarose gel electrophoresis and isolated with the Compass DNA purification kit (American Bioanalytical, Natick, Mass.) and then annealed to make the intact VP1/ HI-FLAG gene. This DNA was amplified by PCR using FBac-F and FBac-R primers, purified, and then cloned into the pFastBac-1 plasmid at the XbaI and XhoI sites. Essentially the same approach was employed to insert uPA and the clone 20 peptide sequence (24) into the HI, BC, DE, and EF loops. The following primers were used to insert these sequences (residues complementary to VP1 are underlined): FBac-F, GATTATTCATACCGTCCCACCATCG; rpm for 30 min in a Beckman JA21 rotor, and the supernatant was saved. The pellet was resuspended with 2 ml of buffer A and sonicated and then centrifuged as described above. The two supernatants were combined and layered on top of sucrose (2 ml of 10% and 2 ml of 20%) in buffer A and centrifuged at 40,000 rpm for 4 h in a Beckman SW40 rotor. The resulting pellet was resuspended in 1 ml of buffer A (150 mM NaCl) and sonicated for 20 s to disrupt aggregates and centrifuged at 14,000 ϫ g for 10 min, with the supernatant being saved (designated partially purified Py-VLPs). Py-VLPs were further purified by sedimentation through 10 to 50% sucrose gradients at 40,000 rpm for 4 h in a Beckman SW40 rotor.
For analysis based on sedimentation velocity, Py-VLPs partially purified through 10 to 20% sucrose gradients were treated with DNase I (Promega) for 1 h at 37°C and layered on top of 10 to 40% sucrose gradients, followed by centrifugation at 35,000 rpm for 2 h in a Beckman SW40 rotor. Fractions (0.8 ml) were collected, and the protein content of each fraction was determined by Bio-Rad protein assay.
Immunoprecipitation of Py-VLPs. Partially purified Py-VLPs (20 g) were mixed with an anti-uPA monoclonal antibody (0.1 ml, no. 3921; American Diagnostica) and incubated for 1 h at 4°C with rotary agitation. Protein A-Sepharose CL-4B (50%, vol/vol) was added (80 l) to the mixture, and the mixture was incubated for another 1 h and centrifuged. The antibody complexes were washed with 1 ml of buffer A (150 mM NaCl), and bound protein was eluted with 100 mM glycine-HCl (pH 3.0) and immediately neutralized with Tris-HCl (1.5 M, pH 8.8) and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.
Electron microscopy of Py-VLPs. Preparations of partially purified Py-VLPs (0.2 to 0.5 mg/ml) were placed on a carbon-coated copper grid for 5 min and negatively stained with 1% uranyl acetate for 5 min. Transmission electron microscopy was performed with a JEOL 1200EX transmission electron microscope operating at 100 kV, and Py-VLPs were photographed with a magnification factor of 120,000.
Hemagglutination of Py-VLPs. Partially purified Py-VLPs (0.5 mg/ml, 100 l) were serially diluted with saline in a 96-well (round-bottom) plate. Equal volumes of guinea pig red blood cells (2%, vol/vol) were added to each well and incubated for 3 h at room temperature.
Py-VLP binding to U-937 cells. Human U-937 cells (American Type Culture Collection; CRL 1593) growing in RPMI 1640 medium supplemented with 10% fetal calf serum and gentamicin (20 mg/liter) were harvested and resuspended at a concentration of 5 ϫ 10 5 cells/ml. Induction of uPAR was performed as described by Stoppelli et al. (61) with slight modifications. Phorbol 12-myristate 13-acetate (PMA) was added at a concentration of 50 nM, and the cells were cultured for 24 h in T-150 flasks. Most of cells were attached by this time. The medium was changed, and the cells were incubated for another 2 days; the cells were detached with phosphate-buffered saline (PBS)-EDTA and incubated in 50 mM glycine-100 mM NaCl (pH 3.0) for 3 min to remove bound endogenous uPA, washed with PBS containing 0.1 mg of bovine serum albumin (PBSA)/ml, and resuspended at 5 ϫ 10 6 cells/ml in PBSA. Expression of uPAR was verified by Western blot analysis using the anti-uPAR antibody (no. 3931; American Diagnostica). To observe the binding mediated by uPA , the putative integrin-binding sequence (LDV) (6) in VP1/wt, VP1/HI-FLAG, and VP1/EFuPA(1-60)/HI-FLAG was changed to LAA by site-directed mutagenesis using the GeneEditor kit (Promega), the resulting VP1 genes were expressed in insect cells, and Py-VLPs were partially purified by the procedure described above. Partially purified Py-VLPs (20 g) with or without competitor were mixed with 0.1 ml of the cell suspension described above and incubated for 40 min on ice. As a competitor, 30 g of full-length uPA (no. 128; American Diagnostica) was added in each reaction. At the end of incubation, unbound Py-VLPs were removed by washing twice with PBSA, and cells were lysed with 100 l of SDS-PAGE sample buffer. SDS-PAGE and Western blotting were performed to evaluate the amount of bound Py-VLPs.
RESULTS
Expression of polyomavirus VP1 proteins. Recombinant baculoviruses were constructed so as to express the wild-type polyomavirus VP1 protein and modified VP1 proteins containing inserts in each of the four surface-exposed loops. The uPA-related inserts included uPA , the principal binding determinant for uPAR (2) ; uPA(1-135), the amino-terminal fragment (ATF) whose affinity for uPAR (50% inhibitory concentration [IC 50 ] ϭ 0.12 nM) approximates that of intact uPA (2, 47) and which has been widely used in studies of the uPAuPAR interaction (2, 33, 61) ; uPA , comprising the morehydrophilic half of ATF; and a phage display peptide (clone 20, 15 amino acids) with high affinity for uPAR (IC 50 ϭ 0.01 M) (24) . Additionally, VP1 containing a FLAG epitope in the HI loop was expressed.
Lysates of baculovirus-infected insect cells were centrifuged at 12,000 rpm for 30 min, and the distribution of VP1 proteins between the supernatant and pellet was determined by SDS-PAGE and Western blotting with the anti-VP1 antibody (Table 1). Unmodified VP1 and VP1 modified by insertion of the FLAG epitope (VP1/HI-FLAG) partitioned primarily into the supernatants. Approximately two-thirds of the VP1/EF-clone 20, VP1/EF-uPA , and VP1/EF-uPA(1-60) proteins also partitioned into the supernatants. However, all other modified VP1 proteins were pelleted, suggesting that they did not fold properly or that the hydrophobic inserts caused aggregation.
VP1 with uPA(1-60) and uPA(1-135) inserts in the four loops were recognized by the anti-uPA antibody (no. 3921; American Diagnostica), but VP1/EF-uPA(1-60) gave stronger signals in Western blots than the same insert into the BC, DE, and HI loops of VP1 (Fig. 1A) , suggesting that the antibodyreactive structure is either more accessible or better retained when introduced into the EF loop. Also, VP1/EF-uPA(1-60) migrated somewhat faster on SDS-PAGE, suggesting a more compact structure. To disrupt VP1/EF-uPA(1-60) binding to sialic acid, we introduced the FLAG epitope into its HI loop. VP1/EF-uPA(1-60)/HI-FLAG was expressed as well as the singly modified VP1/EF-uPA(1-60) and was as reactive with anti-uPA antibody (data not shown).
Formation of Py-VLPs by modified VP1 proteins. To determine whether the VP1 proteins had assembled into Py-VLPs, samples of the supernatants of cell lysates containing VP1/ wt, VP1/HI-FLAG, VP1/EF-uPA(1-60)/HI-FLAG, and VP1/ EF-uPA(1-60)/HI-FLAGϩVP1/HI-FLAG (cells coexpressing both proteins) were layered on top of 10 to 20% sucrose and centrifuged at 40,000 rpm for 4 h. Each of the VP1 proteins could be pelleted (Fig. 2) , suggesting that they self-assembled into Py-VLPs. Further purification of Py-VLPs by sedimentation through 10 to 50% sucrose gradients revealed that only a small portion of VP1/EF-uPA(1-60)/HI-FLAG was pelleted, while the others were pelleted efficiently. To confirm the slower sedimentation rate of the VLPs formed by VP1/EFuPA(1-60)/HI-FLAG, the Py-VLPs partially purified through 10 to 20% sucrose gradients were layered onto 10 to 40% sucrose gradients and centrifuged, and the VP1 protein in each fraction was determined. As expected, VP1/EF-uPA(1-60)/HI-FLAG was observed to sediment more slowly than VP1/wt, VP1/HI-FLAG, and VP1/EF-uPA(1-60)/HI-FLAGϩVP1/HI-FLAG (Fig. 3) , indicating that the Py-VLPs formed by this VP1 were different from others. NE P S/p P uPA (1-60) P P S/p P uPA (1-135) P P P P FLAG NT NT NT S a S, VP1 proteins partitioned entirely into supernatant (Ͼ90%) following centrifugation at 12,000 rpm for 30 min; S/p, VP1 proteins predominantly partitioned into the supernatant (Ͼ60%); P, VP1 proteins partitioned entirely into the pellet; NE, not expressed; NT, not tested. The partially purified Py-VLPs derived from VP1/wt, VP1/ HI-FLAG, VP1/EF-uPA(1-60)/HI-FLAG, and VP1/EF-uPA (1-60)/HI-FLAGϩVP1/HI-FLAG were examined by transmission electron microscopy (Fig. 4) . The VP1/wt, VP1/HI-FLAG, and VP1/EF-uPA(1-60)/HI-FLAGϩVP1/HI-FLAG preparations contained mainly typical 50 nm VLPs, but only smaller particles approximately 20 nm in diameter were observed with VP1/EF-uPA(1-60)/HI-FLAG, suggesting that they might be 12-ICOSA structures (56) . The partially purified Py-VLP preparations derived from VP1/EF-uPA(1-60)/HI-FLAGϩVP1/ HI-FLAG also contained a small amount of 20-nm particles ( Fig. 4D and E) , which increased concomitantly with the expression of VP1/EF-uPA(1-60)/HI-FLAG (data not shown). The 20-nm particles were infrequently observed in preparations of VP1/wt and VP1/HI-FLAG, as for example in the minor peaks (fraction 10) in Fig. 3 .
To determine whether the VP1/HI-FLAG and VP1/EFuPA(1-60)/HI-FLAG proteins assemble heterotypic Py-VLPs when coexpressed, the preparation was immunoprecipitated with the anti-uPA antibody and analyzed by Western blotting using the anti-VP1 antibody (Fig. 5) . Both VP1/HI-FLAG and VP1-EF-uPA(1-60)/HI-FLAG were precipitated (Fig. 5B, lane  3) , indicating that these two proteins occurred in the same particles. Immunoprecipitated Py-VLPs were not enriched in 20-nm particles, compared to those purified by sucrose sedimentation ( Fig. 4D and E) , indicating that the anti-uPA antibody bound both 50-and 20-nm particles. This supports the suggestion that 50-nm particles contain VP1/EF-uPA(1-60)/ HI-FLAG and VP1/HI-FLAG.
Py-VLPs expressed in insect cells frequently contain cellular DNA (1, 20) . Analysis of the partially purified Py-VLPs derived from VP1/wt, VP1/HI-FLAG, and VP1/EF-uPA(1-60)/ HI-FLAGϩVP1/HI-FLAG by agarose gel electrophoresis after DNase I treatment showed that they contained ϳ5 kb of FIG. 3 . Analysis of VP1 proteins based on sedimentation velocity. Partially purified VP1 proteins were sedimented through 10 to 40% sucrose gradients, and fractions (0.8 ml) were collected (fraction 1 is the bottom). The main peaks of VP1/wt, VP1/HI-FLAG, and VP1/EFuPA(1-60)/HI-FLAGϩVP1/HI-FLAG occurred in fractions 4 to 6, while the main peak of VP1/EF-uPA(1-60)/HI-FLAG occurred in fractions 9 to 11. DNA (data not shown), indicating that heterotypic Py-VLPs are capable of packaging DNA.
Specific binding of heterotypic Py-VLPs to uPAR. Insertion of the FLAG epitope into the HI loop of VP1 was predicted to eliminate binding of the Py-VLPs to sialic acid (58) (59) (60) and the hemagglutination of red blood cells, as has been observed with the insertion of other foreign sequences (21, 22, 57, 62) . Accordingly, the Py-VLPs derived by the self-assembly of VP1/ HI-FLAG or VP1/EF-uPA(1-60)/HI-FLAGϩVP1/HI-FLAG did not agglutinate red blood cells, unlike the Py-VLPs derived from VP1/wt (Fig. 6) .
U-937 cells were chosen to assess the affinity of heterotypic VLPs for uPAR. Normally, these cells express only low levels of uPAR, but, upon stimulation with PMA, high levels of uPAR are induced (47, 61) . Since VP1/wt binds to sialic acid expressed on many mammalian cells, Py-VLPs containing VP1/wt were expected to bind to U-937 cells regardless of whether they are stimulated by PMA (Fig. 7) . VP1/HI-FLAG did not bind to U-937 cells in either case. Heterotypic VLPs composed of VP1/EF-uPA(1-60)/HI-FLAG and VP1/HI-FLAG bound to PMA-stimulated U-937 cells but not to unstimulated U-937 cells, and the binding was inhibited by purified uPA added as a competitor. Mutation of LDV, the putative integrin-binding motif, did not affect binding (data not shown). These results indicate that the binding to uPAR is caused by the uPA(1-60) sequence introduced into VP1 at the EF loop.
DISCUSSION
The BC, DE, EF, and HI loops of polyomavirus VP1 are surface-exposed and thus provide sites for the display of sequences that might bind to receptors on the surfaces of cells. Modification of the HI loop is attractive, in that the VP1 protein's native tropism for sialic acid binding can be disrupted concomitantly with the insertion of the foreign sequences, as was done here with the FLAG sequence. However, introduction of the WW domain into the HI loop prevented its correct folding and interfered with the formation of VLPs (57) . For this sequence, the DE loop was a better insertion site than the HI loop. Also, the E. coli DHFR inserted into the HI loop reduced the efficiency of self-assembly and altered the properties of the VLPs (22) .
In this study, four different sequences that bind to uPAR, the clone 20 peptide, uPA(10-34), uPA , and uPA(1-135), were inserted into sites in the four major surface-exposed loops of the polyomavirus VP1. Except for insertion of uPA into the BC loop, the sequences had little effect on the expression of VP1, but they differed significantly in their effects on the solubility of VP1. The VP1 proteins that remained in the supernatant had peptide insertions in the EF loop, indicating that this loop tolerates greater sequence variability. Furthermore, uPA(1-60) introduced into the EF loop retained greater reactivity with the antibody than when it was introduced into the BC, DE, or HI loop. These data suggest that the EF loop, fairly isolated at the side of the pentamer, might be more flexible and accommodating of foreign sequences than the BC, DE, and HI loops, which are interlocked to form the top surface of the pentamer (58-60) and hence less flexible. Our data and that published by others suggest that the size of a foreign sequence inserted into VP1 is a limiting factor for self-assembly into VLPs. Since the VLPs are composed of 360 copies of VP1, introduction of this many copies of a foreign sequence with the mass of E. coli DHFR or uPA(1-135) (ϳ18 and ϳ15 kDa, respectively) may constrain assembly or proper folding. On the other hand, relatively small peptides such as the FLAG sequence, protein Z (ϳ6.8 kDa), and the WW domain (ϳ4 kDa) can be introduced without disrupting the self-assembly of VP1. A size constraint for insertion of foreign sequences into the papillomavirus L1 protein, which can accommodate no more than ϳ60 amino acids without its selfassembly being affected, had been suggested (41) . One way to overcome such a size constraint is by forming VLPs from two different modified VP1 proteins, one of which has a small insert. For example, while VP1/EF-uPA(1-60)/HI-FLAG could not form normal VLPs, it was able to do so when expressed with VP1/HI-FLAG.
Another factor to be considered in Py-VLP formation is the hydrophobicity of the foreign sequence introduced into VP1. Short anionic sequences on the surface of a VLP have the least likelihood of interfering with the ionic character of the native polyomavirus surface, which is mainly negatively charged in neutral and alkaline solutions (64) . The FLAG sequence, containing five negatively charged aspartates, is most likely an ideal sequence to be displayed on the surface of polyomavirus VLPs and other virus assemblies (34) . The polyanionic adapter (E8C) is also mainly negatively charged (62) and should be relatively easy to display on the surfaces of polyomavirus VLPs. In contrast, hydrophobic sequences derived from or mimicking uPA caused problems in expression of modified VP1, with VP1/EF-uPA(1-60) retaining only moderate solubility and VP1/EF-uPA(1-135) retaining even less. The uPA(1-135) sequence alone is expressed in inclusion bodies in E. coli (50) and as an insoluble form in insect cells (data not shown). It might also be difficult for uPA to fold correctly when it is introduced into the VP1 protein. The solubility of recombinant adenovirus capsids, which also was dependent on the ligand introduced into the capsid, was strongly correlated with the production of viable virus (38) .
Binding of Py-VLPs to sialic acid is mediated by the BC1 and HI loops of VP1, but disruption of the HI loop alone by the insertion of a foreign peptide sequence resulted in a total loss of binding. Disruption of the BC1 loop is likely to have a similar effect. The binding of polyomavirus VLPs to U-937 cells before the mutation of the LDV integrin-binding motif was not noticeably different from that after the mutation (data not shown), consistent with the suggestion that the interaction of the LDV motif and integrin might occur after the initial binding with sialic acids on the cell surface (6) .
Binding of Py-VLPs containing uPA to uPAR is the first example of targeting a polyomavirus to a cellular receptor expressed on a particular cell type. Polyomavirus virions are internalized via caveolae (54) or yet-unidentified vesicles (19) after initial attachment to the sialic acids of an unidentified protein receptor. The ␣4␤1 integrin is thought to be involved in this process, facilitating the internalization of virions (6) . VLPs targeted to the erbB-2 receptor, which is not internalized, are still directed to the nucleus for efficient transgene expression even though they lack sialic acid-binding capacity (62) . This suggests that modified polyomavirus VLPs employ a specific internalization pathway that is independent of the pathway(s) normally utilized by the receptors to which they are directed. It will be interesting to investigate the internalization process of uPAR-binding polyomavirus VLPs, because both uPAR and polyomavirus have their own distinctive internalization pathways involving clathrin-coated vesicles (11) and caveolae (54) , respectively.
The formation of heterotypic VLPs affords the opportunity to develop polyvalent vectors in which multiple ligands can be displayed simultaneously on one particle. In principle, employing multiple ligands should combinatorially increase the specificity for a particular cell or tissue type. Peptide sequences that can be used to target specific cell types include the epidermal growth factor (EGF)-like domain of heregulin, composed of 60 amino acids and known to sufficient for the binding to the EGF receptor (35) , which is expressed on many breast cancer cells (49) . Alternatively the C-terminal 21 amino acids of gastrinreleasing protein have proved their potential in targeting its receptor (23) , which is overexpressed in a variety of carcinomas and melanomas (40, 44, 67) . It is feasible to incorporate these compact ligands into heterotypic VLPs in combination with other ligands such as uPA to increase the specificity of targeting certain cell types. The enhanced specificity of polyvalent VLPs might also be valuable in imaging cancer cells that express multiple tumor-associated antigens. Efforts to explore these possibilities are under way.
Another likely use of heterotypic VLPs will be as carriers of multiple antigenic epitopes. It is known that VLP elicits an immune response to a virus with inherent adjuvant activity and thus might be applied to the preparation of vaccines. In fact, VLPs of the human immunodeficiency virus (HIV) Gag protein (25) , bovine papillomavirus L1 protein (45) , and hepatitis virus surface antigen (65) have proven to be efficient antigen delivery tools. Especially in the work of Liu et al. (37) , multiple cytotoxic T-lymphocyte epitopes were introduced at the C terminus of the L1 protein to induce simultaneous immune responses against HIV and human papillomavirus. But the utility of the L1 protein as a polyvalent carrier is limited, for only up to 60 amino acids can be introduced without affecting VLP self-assembly. Even though polyomavirus VLPs exhibited a similar size limitation, the formation of heterotypic VLPs might overcome this limitation because such VLPs can be formed by several kinds of VP1 proteins having different peptide inserts.
